Efficient Mitosis in Human Cells Lacking Poleward Microtubule Flux  by Ganem, Neil J. et al.
Current Biology, Vol. 15, 1827–1832, October 25, 2005, ©2005 Elsevier Ltd All rights reserved. DOI 10.1016/j.cub.2005.08.065
Efficient Mitosis in Human Cells
Lacking Poleward Microtubule FluxNeil J. Ganem, Kristi Upton,
and Duane A. Compton*
Department of Biochemistry
Dartmouth Medical School
Hanover, New Hampshire 03755
Summary
Chromosome segregation relies on the dynamic prop-
erties of spindle microtubules (MTs). Poleward MT
flux contributes to spindle dynamics through the dis-
assembly of MT minus ends at spindle poles coupled
to the continuous poleward transport of spindle MTs
[1, 2]. Despite being conserved in metazoan cells, the
function of flux remains controversial because flux
rates differ widely in different cell types. In meiotic
systems, the rate of flux nearly matches that of chro-
mosome movement [3–5], but in mitotic systems, flux
is significantly slower than chromosome movement
[6–8]. Here, we show that spindles in human mitotic
cells depleted of the kinesin-13 proteins Kif2a and
MCAK lack detectable flux and that such cells fre-
quently fail to segregate all chromosomes appropri-
ately at anaphase. Elimination of flux reduces pole-
ward chromosome velocity 20%, but does not hinder
bipolar spindle assembly, chromosome alignment, or
mitotic progression. Thus, mitosis proceeds effi-
ciently in human cells lacking detectable poleward
MT flux. These data demonstrate that in human cul-
tured cells, kinetochores are sufficient to effectively
power chromosome movement, leading us to specu-
late that flux is maintained in these cells to fulfill other
functional roles such as error correction or kinet-
ochore regulation.
Results and Discussion
To measure flux, we constructed human U2OS cells
that stably express photoactivatable-GFP-α-tubulin,
and we locally activated GFP fluorescence on spindle
MTs in metaphase cells by using a micropoint 405 nm
laser. This technique results in photoactivation of GFP-
tubulin on one or a few discrete MT bundles, and we
subsequently followed the position of photoactivated
regions relative to spindle poles as a function of time
(Figure 1). By restricting the area of photoactivation
with a laser, we activate GFP-tubulin primarily on kinet-
ochore fibers, which circumvents problems encoun-
tered previously when photoactivation was used to
mark spindle microtubules in cells growing at 37°C [8].
During metaphase in control (both untreated and trans-
fected with a nonspecific siRNA) cells, the photoacti-
vated mark on kinetochore fibers moved poleward with
an average velocity of 0.5 m/min (Figure 1A and Table
1). This rate is consistent with average flux rates mea-
sured during metaphase in a variety of other cultured*Correspondence: duane.a.compton@dartmouth.eduvertebrate cells [1, 6, 8, 9]. Most cells enter anaphase
subsequent to photoactivation, indicating that neither
laser treatment nor subsequent observation perturbs
mitotic progression, although we are unable to measure
flux in anaphase cells because of technical issues re-
lated to the short spindle size and round shape of
these cells.
Recent evidence indicates that the kinesin-13 protein
Kif2a (Klp10A in flies) is responsible for the disassembly
of MT minus ends during poleward MT flux [10, 11]. In
cultured human cells, Kif2a deficiency induces mono-
polar spindle formation through unregulated kinet-
ochore activity [12]. However, bipolar spindles form in
Kif2a-deficient cells if the activity of MCAK is simulta-
neously inhibited [12], and we exploited that situation
to measure flux rates on bipolar spindles during meta-
phase in mitotic cells deficient in Kif2a. Immunoblots
demonstrate that the simultaneous transfection with
siRNA to MCAK and Kif2a reduces protein levels in
U2OS cells by at least 95% (Figure S1 in the Supple-
mental Data available with this article online; [12]). Flux
rates in cells deficient in MCAK alone averaged 0.5 m/
min, which is similar to control cells (Figure S2 and Ta-
ble 1). Thus, MCAK activity is not necessary for flux in
human cultured cells. In contrast, we could not detect
appreciable movement of photoactivated marks on ki-
netochore fibers in metaphase cells deficient in both
MCAK and Kif2a (Figure 1B and Table 1). Within our
limits of detection, flux rates in these cells are no
greater than 0.1 m/min and may be less than that (Ta-
ble 1). Similar to control cells, most of these cells enter
anaphase subsequent to photoactivation and observa-
tion (data not shown). These data demonstrate that
Kif2a is required for the flux of kinetochore fibers during
mitosis in human cultured cells.
To measure the turnover of tubulin subunits in kinet-
ochore fibers, we quantified the fluorescent intensity of
the activated region after background subtraction as a
function of time as previously described [8]. Fluores-
cence intensity varies significantly among individual
cells in all three conditions (control, MCAK-deficient,
and MCAK- and Kif2a-deficient) and such variation
leads to a high degree of scatter in the data. Neverthe-
less, when the data are fit to a single exponential decay
(see legend to Figure S3), we observe that the average
half-time for turnover of tubulin subunits in kinetochore
fibers in control, MCAK-deficient, and MCAK- and
Kif2a-deficient cells is 146, 154, and 154 s, respectively
(Figure S3). These data indicate that loss of flux in-
duced by MCAK and Kif2a deficiencies does not dra-
matically alter tubulin subunit turnover in kinetochore
fibers in these cells, but the variation in the data pre-
cludes ruling out minor changes (i.e., 10%–20%). Also,
these data do not address the role of MCAK and Kif2a
in regulating nonkinetochore MT turnover.
To determine how cells lacking detectable flux pro-
gress through mitosis, we measured velocities of chro-
mosome movement and spindle elongation in human
U2OS cells expressing GFP-α-tubulin by using near-
simultaneous DIC and fluorescence time-lapse micros-
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1828Figure 1. Cells Deficient in the Kinesin-13 Family Members Kif2a and MCAK Show No Detectable Poleward Microtubule Flux
Human U2OS cells expressing photoactivatable-GFP-α-tubulin were transfected with either nonspecific siRNA (A) or siRNA specific for both
MCAK and Kif2a (B) as described previously [12] and imaged 48 hr later. Coverslips with transfected cells were mounted on modified Rose
chambers sealed with VALAP (Vaseline, lanolin, and paraffin wax in a 1:1:1 mass ratio) and imaged with a 63× 1.4 NA objective mounted on
a Zeiss Axioplan 2 microscope equipped with a heated stage and a Hamamatsu Orca II cooled CCD camera. Metaphase cells were identified
with DIC optics, and flourescence images were captured before (Pre) and at various times after (times marked in seconds) photoactivation
of tubulin with 3 to 5 nanosecond pulses from a 405 nm micropoint laser (Photonic Instruments, St. Charles, Illinois). Asterisks mark the
position of spindle poles. Line scans depict relative pixel intensity in the fluorescence images from spindle pole (left) to spindle equator (right)
with numbers representing the distance from the spindle pole in microns. Dashed lines indicate the position of peak fluorescence intensity,
and flux rates were determined by plotting the position of peak fluorescence intensity as a function of time. The scale bar represents
5 microns.copy (Figure 2 and Figure S4). Chromosomes in control,
MCAK-deficient, and MCAK- and Kif2a-deficient cells
display typical oscillations in prometaphase, alignment
in metaphase, and segregation in anaphase (Movies
S1–S3). Average poleward chromosome velocities in
cells lacking flux as a result of deficiencies in both
M
M
a
a
s
tCAK and Kif2a are slower than both control and
CAK-deficient cells during both prometaphase and
naphase A (Table 1; t test, p < 0.05). The velocity of
naphase B increases slightly, but that increase is not
ignificant (Table 1; t test, p > 0.05). The magnitude of
he reduction in poleward chromosome velocity during
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1829Table 1. Mitotic Parameters of Human U2OS Cells
Control MCAK RNAi MCAK/Kif2a RNAi
Poleward MT flux (m/min) 0.53 ± 0.03 (8)a 0.54 ± 0.02 (8) <0.1 (7)
Chromosome movement (m/min)
Prometaphase 2.28 ± 0.07 (151) 2.34 ± 0.07 (104) 1.75 ± 0.06 (146)
Anaphase A 1.47 ± 0.06 (23) 1.55 ± 0.12 (16) 1.17 ± 0.10 (23)
Anaphase B 0.99 ± 0.05 (23) 1.11 ± 0.07 (16) 1.19 ± 0.11 (23)
Pole-to-pole distance (m) 13.3 ± 0.2 (134) 13.3 ± 0.2 (59) 13.4 ± 0.2 (42)
Centromere spacing (m) 2.3 ± 0.1 (124) 2.1 ± 0.1 (122) 2.1 ± 0.1 (67)
aMean ± SEM; number of independent observations are given in parentheses.Kif2a (Figure S5 and Table 1). Thus, inhibition of flux in
Figure 2. Cells Progress through Mitosis Effi-
ciently in the Absence of Detectable Pole-
ward Microtubule Flux
Near-simultaneous DIC and fluorescence
microscopy were used to visualize chromo-
some movement in human U2OS cells ex-
pressing GFP-α-tubulin 48 hr after transfec-
tion with either nonspecific siRNA (A) or
siRNA specific for both MCAK and Kif2a (B).
Times are indicated in seconds. Anaphase A
rates were determined by measuring the dis-
tance traveled by the leading edge of the
chromosome mass relative to the spindle
pole as a function of time. Anaphase B rates
were determined by measuring pole-to-pole
distance over time divided by half for each
half-spindle. Astral microtubules are not visi-
ble in these live cell images. The scale bar
represents 5 microns.
served in cells deficient in both MCAK and Kif2a (Tableoscillation in prometaphase/metaphase is approximately
0.5 m/min (Table 1). This reduction is equivalent to the
rate of flux, demonstrating that flux contributes to the
poleward movement of chromosomes at this stage of
mitosis in human cells. Flux velocity in cultured cells
has been shown to decrease at the onset of anaphase
[6, 8]. Accordingly, we observe that the magnitude of
reduction in poleward chromosome velocity in ana-
phase A is only 0.3 m/min (Table 1). This indicates that
flux makes a small contribution to chromosome segre-
gation in anaphase A, although the caveat to this con-
clusion is that we have not directly measured the rate of
flux in these cells during anaphase. These data extend
previous MT marking experiments [7] and provide evi-
dence that kinetochores are the dominant site for MT
disassembly during poleward chromosome movement
in vertebrate mitotic cells.
Next, we stained cells for tubulin and examined spin-
dle size by measuring the distance between spindle
poles in metaphase cells. Pole-to-pole distance aver-
ages w13 m in control cells and is not changed by
deficiencies in either MCAK alone or both MCAK andthese cells does not alter spindle size. This observation
fits with data showing that spindle size is not obviously
altered when flux is inhibited by injection of antibodies
to shugoshin [9], but it is at odds with data showing
changes in spindle size when elements contributing to
flux are inhibited either at MT minus ends in other sys-
tems [10, 11] or at plus ends [13, 14]. Perhaps flux rates
are too slow in these cells to significantly contribute to
spindle size, or the depletion of tubulin pools by exces-
sive astral MT growth prevents spindle elongation. An
alternative possibility is that nonkinetochore MTs deter-
mine spindle size, and the behavior of that population
of spindle MTs is dominated by dynamic instability of
plus ends rather than flux.
We also used CREST staining to measure sister-
kinetochore spacing in metaphase cells (Table 1). Sister
kinetochores averaged 1.0 m in mitotic cells lacking
microtubules because of nocodazole treatment and
stretched to 2.3 m in control cells when MTs engaged
kinetochores. MCAK deficiency reduces sister-kinet-
ochore distance to 2.1 m, consistent with previous re-
ports [15]. The same sister-kinetochore distance is ob-
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1830Figure 3. Lagging Chromatids Increase in
Cells Lacking Poleward Microtubule Flux
Human U2OS cells transfected with either
nonspecific siRNA (A), MCAK-specific siRNA
(B), or both MCAK- and Kif2a-specific siRNA
(C) were fixed and stained with DAPI to visu-
alize chromosomes (blue) and CREST to vi-
sualize kinetochores (red). Histograms de-
pict the number of lagging chromosomes
observed per anaphase cell. (D) shows the
percentage of anaphase cells displaying lag-
ging chromosomes after transfection with
either nonspecific siRNA (Cont.), MCAK-spe-
cific siRNA (-MCAK), or both MCAK- and
Kif2a-specific siRNA (-Kif2a, -MCAK). The
scale bar represents 5 microns.1), indicating that loss of flux does not further decrease
sister-kinetochore distance relative to MCAK deficiency
alone. Thus, unlike in some meiotic systems where high
flux rates have been argued to stretch sister kinet-
ochores [5], inhibition of flux in human mitotic cells
doesn’t significantly alter sister-kinetochore stretching.
Finally, not all chromosomes segregate properly at
anaphase in cells deficient in both MCAK and Kif2a
(Figure 3). Most improperly segregated chromosomes
are chromatids that lag behind the bulk of segregating
chromatids at anaphase, as judged by the presence of
a single kinetochore stained by CREST sera. Occasion-
ally (w6% in MCAK- and Kif2a-deficient anaphase
cells), we observe chromatin bridges in these cells, as
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tudged by the stretching of chromatin between the two
asses of chromatids. The frequency of lagging chro-
atids observed in control U2OS cells is relatively low,
ccurring in approximately 6% of anaphase cells (Fig-
res 3A and 3D). Loss of MCAK alone increases the
requency of anaphase cells displaying lagging chro-
atids as previously reported (Figures 3B and 3D [15,
6]). Simultaneous deficiency of MCAK and Kif2a fur-
her increases the frequency of anaphase cells display-
ng lagging chromatids, such that two-thirds of mitoses
ailed to segregate all chromosomes (Figures 3C and
D). The increase in lagging chromatids induced by de-
iciency of both MCAK and Kif2a is significant relative
o cells lacking MCAK alone (χ2, p < 0.05), although the
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1831effect size is limited because it is observed in addition
to the effect contributed by the deficiency of MCAK
alone. Unfortunately, it is not technically feasible at this
time to eliminate flux independently of inhibition of
MCAK because Kif2a is essential for spindle bipolarity
[12]. There is also a striking increase in the number of
chromatids lagging during anaphase in cells lacking
flux. In the subset of anaphase cells displaying lagging
chromatids induced by deficiency in MCAK alone, 62%
have merely one lagging chromatid (Figure 3B). In con-
trast, 77% of anaphase cells with lagging chromatids
induced by deficiency of MCAK and Kif2a have two or
more lagging chromatids (Figure 3C). Some of these
anaphase cells display as many as eight lagging chro-
matids. Thus, deficiency in both MCAK and Kif2a in-
creases both the frequency and number of lagging
chromatids in anaphase. Lagging chromatids have
been observed at anaphase in fly embryos upon flux
inhibition [11]. However, in that system, lagging chro-
matids could be the consequence of rapid cell-cycle
timing combined with inefficient chromosome alignment.
In the cells examined here, chromosome alignment is
not impaired by the inhibition of flux (Figure 2B). More-
over, some of the kinetochores on the lagging chroma-
tids are distended toward both spindle poles (Figure
3C, arrow). These observations indicate that the source
of lagging chromatids seen here is merotelic attach-
ment of kinetochores to spindle MTs [17].
The data presented here demonstrate that the
kinesin-13 protein Kif2a is required for poleward MT
flux in human cultured cells. Kif2a localizes to spindle
poles in these cells [12] and has been shown to induce
MT disassembly in vitro [18]. Thus, it is likely that Kif2a
depolymerizes MT minus ends during flux in these
cells, consistent with the role proposed for Kif2a in frog
egg extracts [10] and Klp10A in Drosophila embryos
[11]. In cells lacking poleward MT flux, poleward chro-
mosome velocity is slightly reduced. However, the sur-
prising finding is that chromosome oscillation, align-
ment, and segregation as well as mitotic progression
are not impaired when flux is inhibited. These data de-
monstrate that kinetochores are sufficient for efficient
chromosome movement in these cells, and they lead
us to suggest that flux may be too slow to effectively
power chromosome movement if kinetochore-based
mechanisms were inactivated. These results call into
question the idea that the selective pressure acting to
maintain flux in mitotic cells derives only from a role of
flux in powering chromosome movement. Instead, we
speculate that these cells expend the considerable
energetic cost to maintain flux because it fulfills other
critical functions during mitosis. For example, in re-
sponse to flux, kinetochore-bound MT plus ends are
biased into polymerization to prevent detachment of ki-
netochores from poleward-moving MTs [5]. Such regu-
lation of kinetochore-bound MT plus ends is critical for
spindle assembly during mitosis because unregulated
kinetochore activity in Kif2a-deficient cells induces the
formation of monopolar spindles [12]. Another possi-
bility is that flux plays a role in correcting errors in kinet-
ochore-MT attachment. The inappropriate attachment
of single kinetochores to MTs from both poles (mer-
otely) occurs frequently in early stages of mitosis in ver-
tebrate cells and goes undetected by the spindle-assembly checkpoint [17, 19, 20]. Merotely is a major
cause of lagging chromatids at anaphase [17], such as
those observed here. Flux could generate plasticity in
the attachment of MTs to kinetochores or spindle poles.
Such plasticity may be important to permit MT release
necessary for correction of attachment errors [21]. Al-
ternatively, flux could contribute to changes in MT
length to promote segregation of merotelic chromatids
at late anaphase [22]. Presently, we can’t divorce flux
from Kif2a activity. Thus, definitive evidence that flux,
per se, regulates kinetochore activity or promotes error
correction will require methods to inhibit flux that do
not target kinesin-13 proteins.
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Supplemental Data include three movies and five supplemental fig-
ures and are available with this article online at: http://www.current-
biology.com/cgi/content/full/15/20/1827/DC1/.
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